Aim: To test whether an equine bone substitute block used for guided bone regeneration (GBR) of peri-implant defects differs from bovine block or particulate bone substitutes regarding the hard and soft tissue contours of the augmented ridge.
contours followed by DBBM block and DBBM granulate with CM.
Guided bone regeneration (GBR) is the best documented and the most widely used method to augment bone in localized alveolar defects (Benic & Hammerle 2014) . There is a large body of clinical evidence documenting the long-term success of dental implants placed in combination with GBR (Hammerle et al. 2002; Donos et al. 2008; Jensen & Terheyden 2009 ). In contrast, there is insufficient amount of information on the hard and soft tissue contour changes of the augmented ridge.
With regard to the choice of the biomaterials for GBR, currently, the use of particulate xenogenic bone substitutes in combination with collagen membranes (CM) is the most common and documented method for the augmentation of peri-implant defects (Chiapasco & Zaniboni 2009; Jensen & Terheyden 2009) . Recent cone beam computed tomographic investigations of peri-implant defects treated with particulate xenogenic bone substitute with or without particulate autogenous bone in combination with CM found well-maintained levels of the augmented buccal bone after 5-9 years (Buser et al. 2013; Jung et al. 2015) . However, by reason of their mechanical instability and thus poor resistance to soft tissue pressure and risk for collapse, particulate grafting materials in combination with CMs are sub-optimal for the augmentation of deficient ridge contours (Mellonig et al. 1998; Strietzel et al. 2006; Schwarz et al. 2007 ).
Bone substitute blocks may represent an effective alternative to particulate grafting materials for the augmentation of ridge contours, as they offer adequate mechanical support to the covering membrane and the overlying mucosa. Among different types of bone substitute blocks previous research focused on the use of xenogenic blocks. Several preclinical studies investigated the use of blocks of deproteinized bovine bone mineral (DBBM) for lateral (Araujo et al. 2002; Schwarz et al. 2008; De Santis et al. 2012) and vertical bone augmentation procedures (Simion et al. 2006; Schmitt et al. 2013) . In other animal studies, an equine-derived block of bone mineral containing collagen remnants was for used for ridge augmentations of large defects (Fontana et al. 2008; Simion et al. 2009; Schwarz et al. 2010) . In general, DBBM and equine blocks revealed an adequate capacity to maintain the contour of the augmented ridge. In these studies, bone substitute blocks were used for primary ridge augmentations.
Recent preclinical trials investigated the use of bone substitute blocks for GBR of periimplant defects (Benic et al. 2016; Mir-Mari et al. 2016b) . In an in vitro study, the intraoperative dimensional stability of particulate and block DBBM in combination with CM for GBR of peri-implant defects was investigated using cone beam computed tomography (CBCT) (Mir-Mari et al. 2016b) . It was found that wound closure and flap suturing induced a considerable displacement of the particulate grafting material resulting in a partial collapse of the CM. The displacement of the grafting material was most pronounced in the coronal portion of the augmented site at the level of the implant shoulder. The sites augmented with blocks exhibited less collapse of the membranes. In average, the use of block instead of particulate DBBM permitted to intra-operatively reduce the amount of membrane collapse at the level of implant shoulder by more than 50% (from À1.1 to À0.5 mm). This trial points out the importance of the primary stability of the augmented region for the success of GBR procedure.
A subsequent histological investigation assessed the in vivo performance of collagencontaining equine blocks, DBBM blocks, and DBBM granulate for GBR with simultaneous implant placement (Benic et al. 2016) . All the grafting materials were applied in combination with CM for the augmentation of large acute-type peri-implant defects. After 4 months of healing, the equine bone substitute block in combination with CM reached the highest mean values in ridge dimensions, followed by DBBM block and DBBM granulate in combination with CM. The bucco-oral dimension of the augmented hard tissue at the level of the implant shoulder reached in average 0.8 mm for DBBM granulate and 1.8 mm for the equine block. In this histological study, the ridge contours were assessed at the buccal aspect of the implants using the implant as reference structure for the thickness measurements. In the regions mesially and distally to the implant, the tissue thickness could not be measured due to the absence of an appropriate reference structure.
Therefore, the aim of the present cone beam computed tomographic investigation was to test whether or not equine bone substitute blocks used for GBR of peri-implant defects differ from DBBM blocks and DBBM granulate with respect to the hard and the soft tissue ridge contour in the central and lateral regions of the defect.
Material and methods
This article was written in accordance with the ARRIVE (Animal research: Reporting of in vivo experiments) guidelines (Kilkenny et al. 2010) .
This study was designed as a randomized controlled trial with intra-subject control for the comparison of four treatment procedures. The study was performed in two surgical phases including (1) tooth extraction and (2) implant placement with simultaneous GBR of acute-type peri-implant bone defects (four defects per animal).
Animals
Eight male adult beagle dogs (age 20 AE 3 months, mean weight 16.8 kg; Isoquimen, Barcelona, Spain) with a fully erupted permanent dentition were included in the present investigation. The animals were housed and subjected to surgeries in the Animal Experimentation Service Facility at the Veterinary Hospital Rof Codina, Lugo, Spain. Before the start of the trial in October 2011, the study protocol was approved by the Ethical Committee Rof Codina Foundation (approval code: AE-LU-001/11/INV MED 02/OUT 04/11-11). All the procedures were performed according to Spanish and European Union regulations about care and use of research animals. The animals were monitored daily during the entire study procedure by a veterinarian accredited in laboratory animal science. The dogs were housed in a group kennel with indoor and outdoor areas. The indoor area presented a controlled temperature of 20-22°C with natural light and air renewal. During the entire study period, the animals received soft-food diet and water ad libitum. The trial started after a 3-week long adaption period for the animals.
Surgical procedures
The surgical procedures were described in detail in a previous publication (Benic et al. 2016) . In brief, the mandibular premolars P2, P3, and P4 and the molars M1 and M2 were bilaterally extracted. Preparation of defects, implant placement and GBR of peri-implant bone defects were performed 4 months after tooth extraction. Following elevation of mucoperiosteal flaps, two semi-saddle-type bone defects were prepared on each side of the mandible. The defects measured 10 mm mesio-distally, 6 mm bucco-orally, and 5 mm apico-coronally (Fig. 1) . One 8-mmlong and 4-mm-diameter titanium implant (OsseoSpeed TM S, ASTRA TECH Implant System, DENTSPLY Implants, Mannheim, Germany) was inserted in each experimental defect (Fig. 1) . The implants were placed with the shoulder at the level of the alveolar crest. The distance between the exposed implant surface and the buccal margin of the apical bone wall measured 3 mm. The defects were randomly allocated to receive one of the following treatments according to a computer-generated randomization list ( • Equine block: collagen-containing cancellous equine-derived bone block: 5 mm 9 10 mm 9 10 mm (Geistlich Pharma AG) + CM The bovine and the equine blocks were shaped to fit the defects. At the sites allocated for GBR, the defects were filled with bone substitute without surpassing the contour of the alveolar ridge and covered with CM ( Fig. 2) . No screws or pins for stabilization of blocks and membranes were used. Bleeding was allowed to form a blood clot in the control sites, where no further treatment was applied. Cover screws were inserted, and all implants were submerged. After 4 months, the animals were sacrificed and the mandibles were block-resected including the surrounding soft tissues.
CBCT scanning and analysis
Cone beam computed tomography imaging of the mandible was performed with a 3D-Exam scanner (KaVo Dental, Biberich, Germany). For the scanning procedure, the jaws were positioned on the supporting plate provided by the manufacturer with the occlusal plane parallel to the horizontal plane and positioned in the center of field of view (FOV) using the laser orientation beams. The scans were obtained with the following technical parameters: 120 kV acceleration voltage, 5 mA beam current, FOV diameter of 16 cm, FOV height of 6 cm, 600 projections, 360°r otation, voxel size of 0.3 mm, and scanning time of 9 s.
Cone beam computed tomography analysis was performed by one investigator that was unaware of the specific experimental conditions. Before the CBCT analysis, this investigator attended a training session to standardize the CBCT assessment protocol. CBCT DICOM data sets were imported in the smop implant planning software (Swissmeda AG, Zurich, Switzerland); (Fig. 3) . Prior to the analysis, a panoramic curve was drawn in the axial reconstruction and one 8-mmlong and 4-mm-diameter implant was virtually placed over the CBCT image of each implant (Fig. 4) . The central axis and the surface of the virtual implant served as references for the measurements in twodimensional CBCT reconstructions. Three bucco-oral reconstructions perpendicular to the implant axis were used for the analysis: (1) a central region of interest (ROI) through the central axis of the implant, (2) a lateral ROI 1.5 mm mesially to the implant, and (3) a lateral ROI 1.5 mm distally to the implant. In each ROI, the contours of the augmented hard tissue and the overlying mucosa were determined at the buccal aspect (Fig. 5) . To facilitate the identification of the tissue contours, the entire volume of the augmented site was screened. The oral margin of the central ROIs was determined by the buccal surface of the virtual implant. A plane tangent to the most buccal aspect of the virtual implant and parallel to the panoramic curve determined the oral margin of the lateral ROIs.
For each central, mesial, and distal ROI, the following parameters were assessed:
• the horizontal thickness of the augmented hard tissue measured in a buccooral direction at the level of the implant shoulder (HT hard tissue 0 mm ) and at 1, 2, and 3 mm apical to the implant shoulder (HT hard tissue 1 mm À HT hard tissue 3 mm ) (mm)
• the total horizontal thickness of the hard and soft tissue at the level of the implant shoulder (HT total 0 mm ) and at 1, 2, and 3 mm apical to the implant shoulder (HT total 1 mm À HT total 3 mm ) (mm).
Statistical analysis
The animal was chosen as the unit for the statistical analysis. The primary outcome parameter was HT hard tissue 0 mm . The values for mesial and distal lateral ROIs were averaged to one lateral value per implant site. The data were reported using means, standard deviations (SD), medians, and interquartile ranges (IQR) (SPSS software; SPSS Inc., Chicago, IL, USA). The Wilcoxon-Pratt signed rank test (Hothorn et al. 2006 ) was applied to detect differences between the treatments (R software; R Foundation, Vienna, Austria). The results of tests with Pvalues ≤ 0.05 were considered statistically significant. Due to the exploratory nature of this study, no sample size calculation and no correction for multiple testing were performed.
Results
Considerable differences regarding the clinical manageability were observed between bovine and equine blocks. While bovine blocks frequently fractured during trimming and application into the bone defect, the equine blocks appeared mechanically stable, permitting effective shaping. Moreover, the slight elasticity of the equine material allowed "press-fit" adaptation and mechanical anchorage within the box-shaped defects (Benic et al. 2016 ). All animals remained healthy during the study period, and no systemic adverse events were observed. A post-operative mucosal dehiscence with implant loss was observed only in one site augmented with a bovine block. A total of eight bovine granulate, seven bovine block, eight equine block and eight control sites were available for the analyses. The results of the histological and the histomorphometrical analyses were reported in a previous publication (Benic et al. 2016 ).
Central regions of interest
With regard to the thickness of the hard tissue and the total thickness of the hard tissue + mucosa in the central regions, Equine block (EB) rendered the highest mean values in HT hard tissue 0 mm À HT hard tissue 2 mm and HT total 0 mm À HT total 2 mm followed by Bovine block (BB), Bovine granules (BG), and Empty control (C) (Table 1, Fig. 6a ). For the majority of the apico-coronal levels 0-3 mm apical to the implant shoulder, HT hard tissue and HT total were significantly higher for EB and BB in comparison with C (P < 0.05); ( Table 2 ). The differences in HT hard tissue and HT total between EB, BB, and BG were not statistically significant (P > 0.05).
Lateral regions of interest
When assessing the horizontal thickness of the hard tissue in the lateral regions, HT hard tissue 0 mm À HT hard tissue 3 mm reached the highest mean values for EB followed by BB, BG, and C (Table 3 , Fig. 6b ). All GBR groups revealed significantly higher values of HT hard tissue 0 mm À HT hard tissue 3 mm in comparison with C (P < 0.05) ( Table 4 ). There were no significant differences between EB, BB, and BG (P > 0.05).
The total thickness of the hard tissue + mucosa in the lateral regions, HT total 0 mm À HT total 2 mm rendered highest mean values for EB followed by BB, BG, and C (Table 3 , Fig. 6b ). HT total 0 mm for BB and BG was significantly higher in comparison with C (P < 0.05); (Table 4) . Regarding HT total 1 mm and HT total 2 mm , EB and BB rendered significantly higher values than C (P < 0.05). The differences in HT total between the GBR groups were not statistically significant (P > 0.05). 
Discussion
The present trial demonstrated a benefit of performing GBR with bone substitute blocks and CM over untreated defects to restore deficient hard and soft tissue contour at peri-implant defects. When comparing the GBR groups, the equine block in combination with CM generally reached the highest mean values in hard and soft tissue contours followed by bovine block and bovine granulate with CMs. The bucco-oral dimension of the augmented hard tissue at the level of the implant shoulder amounted in average to 0.9-1.0 mm for particulate DBBM and to 1.7-1.9 mm for the equine block. When assessing the total thickness of the hard tissue and mucosa at the same level, the mean values measured 2.5 mm for DBBM granules and 3.0-3.3 mm for the equine block. The differences between the GBR modalities were not statistically significant.
The outcomes in ridge contour achieved with different GBR treatment modalities can be partially explained by different mechanical properties of the grafting materials (equine bone mineral vs. DBBM) and their application forms (block vs. granulate). The favorable performance of bone substitute blocks materials can be explained by the mechanical stability of block grafts. It is known that GBR with particulate grafting materials in combination with CM is associated with intra-and post-operative displacement of the bone substitute resulting in a partial membrane collapse (Strietzel et al. 2006; Schwarz et al. 2007; Thoma et al. 2012; Benic et al. 2016; Mir-Mari et al. 2016a,b) . In a recent in vitro study, the volume stability of particulate and block DBBM in combination with CM for GBR of peri-implant defects was investigated by means of CBCT (Mir-Mari et al. 2016b ). It was found that wound closure and flap suturing induced a considerable displacement of the particulate DBBM resulting in a partial collapse of the CM. The displacement of grafting material was most pronounced in the coronal portion of the augmented site at the level of the implant shoulder. The sites augmented with DBBM blocks exhibited less collapse of the membranes. In average, the use of DBBM block instead of particulate DBBM permitted to intra-operatively reduce the amount of membrane collapse at the level of implant shoulder by more than 50% (from À1.1 to À0.5 mm). This trial points out the importance of the primary stability of the augmented region for the success of GBR procedure. The favorable in vivo performance of DBBM block regarding the contour maintenance after augmentation of non-contained bone defects was confirmed in two comparative in vivo trials by means of histomorphometry (Schwarz et al. 2008; Benic et al. 2016) .
The higher mean values in ridge contour achieved with the equine block in comparison with DBBM block in the present study can be explained on the base of clinical and histological observations (Benic et al. 2016 ). First, intra-operatively, the equine block was not prone to fractures, therefore, permitting a press-fit anchorage within the box-shaped defect. Second, an intact trabecular network and no fractures of the equine block were observed in the histologic samples. In contrast, fractures of DBBM block and displacements of DBBM fragments in the apical direction were often observed (Benic et al. 2016 ). HT hard tissue 0 mm mm 1.7 AE 1.4
1.7 AE 1.0 0.9 AE 1.2 0 AE 0 (0, 2.3, 2.9) (0.7, 1.7, 2.6) (0, 0, 2.4) (0, 0, 0) HT hard tissue 1 mm mm 2.4 AE 1.2 2.1 AE 1.1 1.2 AE 1.5 0 AE 0 (1.7, 2.8, 3.2) (1.4, 2.3, 3.0) (0, 0.4, 2.9) (0, 0, 0) HT hard tissue 2 mm mm 3.0 AE 0.5 2.5 AE 1.2 2.1 AE 1.6 0 AE 0 (2. 6, 3.0, 3.4) (1.9, 3.0, 3.3) (0.4, 2.1, 3.6) (0, 0, 0) HT hard tissue 3 mm mm 3.1 AE 0.6 3.1 AE 0.7 2.5 AE 1.8 0.5 AE 0.8 (2.5, 3.3, 3.5) (2.2, 3.4, 3.7) (0.5, 2.6, 4.1) (0, 0, 1.3) HT total 0 mm mm 3.0 AE 1.2 2.6 AE 0.8 2.5 AE 1.4 1.1 AE 0.7 (1. 8, 3.4, 4.0) (1.6, 2.8, 3.3) (1.2, 2.8, 3.7) (0.8, 0.9, 1.3) HT total 1 mm mm 3.6 AE 1.0 3.5 AE 0.6 3.0 AE HT hard tissue xmm , horizontal thickness of the hard tissue measured x mm apical to the implant shoulder; HT total xmm , total horizontal thickness of the hard tissue + mucosa measured x mm apical to the implant shoulder; BB, Bovine block; BG, Bovine granules; C, Empty control; EB, Equine block; SD, standard deviation; Q1, first quartile; Q3, third quartile.
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It has to be emphasized that no conclusion on the long-term stability of the augmented ridge can be drawn from the present investigation. In addition to the mechanical stability of a specific grafting material used for GBR, its biodegradation rate may influence the contour stability of the augmented ridge. Previous histological investigations of the collagen-containing equine block revealed pronounced signs of material biodegradation (Fontana et al. 2008; Schwarz et al. 2010; Benic et al. 2016 ). This biological characteristic of the equine material might be associated with long-term contour loss of the augmented ridge. In contrast, it is widely accepted that DBBM is characterized by a low degradation rate. Whether DBBM is slowly bioresorbable or not at all still remains controversial (Berglundh & Lindhe 1997; Fugazzotto 2003; Mordenfeld et al. 2010 ). The presence of cells with osteoclastic characteristics was interpreted as a sign of ongoing resorption of DBBM (Piattelli et al. 1999) . A recent clinical trial including 20 patients found DBBM particles unchanged and integrated in the bone 11 years after sinus floor augmentation (Mordenfeld et al. 2010) . As a clinical consequence of its low degradation rate, DBBM should present the ability to maintain the augmented ridge contour after the healing period. This hypothesis was confirmed by two recent clinical trials (Jung et al. 2015; Benic et al. 2017 ). In the first study, peri-implant defects augmented with DBBM and CM were clinically assessed at re-entry and visualized with CBCT after 5 years (Jung et al. 2015) . Between 6 months and 5 years, the augmented buccal hard tissue exhibited minimal resorption in the apical direction. In the second clinical trial, peri-implant bone defects and thin bone plates were grafted with DBBM and covered with CM (Benic et al. 2017) . Impressions were taken prior to implant placement, at 3 months, at 6 months, at 1, and 3 years. Models were optically scanned, and 3D images were superimposed for the evaluation of mucosa contour changes. It was found that the ridges augmented with DBBM exhibited stable peri-implant mucosal contour over a 3-year period. Based on the findings from these clinical studies, it can be concluded that DBBM presents a long-term space making ability.
The results of the histomorphometrical assessment of bucco-oral hard and soft tissue thickness in the central ROI were published in a previous publication (Benic et al. 2016) . The data from the previous histomorphometrical assessment are in accordance with the findings of the present CBCT analysis of the central ROI. Moreover, the CBCT results in hard and soft tissue thickness from the central region were confirmed by the CBCT findings from the lateral ROI.
The histomorphometrical measurement of the ridge contour in the lateral regions was attempted through surface measurements of the augmented ridge. Due to an absence of a reference structure, this measurement could not be performed in a standardized way. It was deduced that the contour of the augmented ridge was better maintained at the lateral sections in comparison with the central ones. This finding was explained by the proximity of the lateral bone walls, which partially supported the barrier membrane. In contrast, the present CBCT analysis found no differences in the hard and soft tissue contour between the central and lateral regions. The CBCT assessment of hard and soft tissue contours should be considered more adequate in comparison with the histomorphometry, as the placement of a virtual reference permitted standardized measurements in the entire three-dimensional FOV.
In clinical research, CBCT is increasingly being used for 3D assessment of bone and soft tissue following augmentation procedures and implant placement Hammerle et al. 2015) . One shortcoming of this imaging method is its susceptibility to the appearance of artifacts in the proximity of dental implants and other highly X-ray absorbing objects (Draenert et al. 2007; Schulze et al. 2010; Benic et al. 2013; Sancho-Puchades et al. 2015) . A recent review of the literature on digital methods for the assessment of outcomes in implant dentistry concluded that CBCT has the potential to allow accurate assessment of peri-implant bone plates with a thickness >0.5 mm . The previous histomorphometrical analysis of the present trial demonstrated that in the cases with the presence of hard tissue its bucco-oral dimension always measured >0.5 mm. In the present study, the intra-and inter-rater agreements for the CBCT measurements of the tissue contours were not tested. This fact represents a methodological shortcoming as the identification of the tissue contours was based on a subjective evaluation of the CBCT images. Another limitation of CBCT is its inability to distinguish between bone and mineralized bone substitute and to assess the bone to implant contact. Indeed, in the previous histomorphometrical analysis of the present trial, it was found that only a minor portion of the augmented ridge contained new bone. In contrast, the histological analysis of the bone to implant contact was not performed.
In this study, a model of an acute-type semi-saddle defect was used to investigate GBR of peri-implant bone defects. This type of defect has been used in several previous studies for the investigation of GBR with or without simultaneous placement of implants (Schwarz et al. 2010; Jung et al. 2011; Thoma et al. 2012) . Other studies used a chronictype bone defect, which is considered to simulate better the clinical reality (Schwarz et al. 2008) . However, this type of defect was reported to vary in size at the time-point of the GBR surgery (von Arx, et al. 2001) . The chronification of the defects was, therefore, omitted to standardize the initial defect dimension in all groups, aiming at reproducible surgical procedure and histomorphometrical analysis. Acute bone defects have a higher potential for regeneration as a biologic reaction to the surgical trauma (Schenk 1992) . Nevertheless, the experimental model used in the present study can be considered challenging for bone regeneration, which is demonstrated by the poor spontaneous regeneration in the empty control. This finding may be explained by the large defect size and the fact that the implant shielded the cancellous bone in the central region of the defect. One of the main clinical aims of alveolar ridge augmentation procedures is to generate a hard tissue contour to support the soft tissue and optimize the appearance of the peri-implant tissue. The superior performance of block grafts over particulate material to maintain the ridge contour would, therefore, be clinically relevant. The application of bone substitute blocks for bone augmentation might represent a viable treatment modality to increase the predictability to generate tissue volume.
The small sample size and the statistical analysis without the correction for multiple testing are limitations, which have to be taken into account when interpreting the findings of the present study. Nevertheless, this proof-of-concept trial provides valuable information on the volume stability of particulate and block bone substitutes for GBR. Future clinical studies are required to investigate the performance of bone augmentation procedures with block and particulate bone substitutes in humans. Three-dimensional changes in the hard and soft tissue ridge contours need to be monitored over long-term periods. The influence of the degree in bone substitute osseointegration on the survival and success of implants surrounded by augmented hard tissue has to be assessed.
Conclusions
Within the limitations of the present study, it can be concluded that for hard and soft tissue contour augmentation at peri-implant bone defects:
• The application of bone substitute blocks and CMs performed significantly better compared to empty controls.
• The equine block with CM resulted in the most favorable outcomes followed by bovine block and bovine granulate with CM.
